INTRODUCTION
Cerebellum-like sensory structures in fish integrate somatotopic input from electroreceptors with an array of sensory and motor signals conveyed by a mossy fiber-granule cell-parallel fiber (MF-GC-PF) system similar to that found in the cerebellum (Bell et al., 2008) (Figure 1 ). Previous studies have shown that associations between PF inputs and activity in Purkinje-like cells lead to the generation of negative images of predictable features of the electrosensory inflow (Bastian, 1995; Bell, 1981; Bodznick et al., 1999) . Addition of the negative images to the actual sensory input cancels predictable features, allowing novel, behaviorally relevant signals to stand out. Results from in vitro, in vivo, and modeling studies suggest that negative images are due, at least in part, to anti-Hebbian spike-timing-dependent plasticity at PF-Purkinje-like cell synapses (Bell et al., 1997a) . Converging lines of evidence from clinical, human behavioral, theoretical, and physiological studies suggest a role for the cerebellum in predicting sensory inputs or states of the motor system (Bastian, 2006; Dean et al., 2002; Ebner and Pasalar, 2008; Miall et al., 1993; Paulin, 2005; Shadmehr and Krakauer, 2008) . Hence, the relatively well-understood mechanisms for predicting sensory patterns in cerebellum-like circuits may be a valuable source of insight into cerebellar function.
Influential theories of cerebellar function have posited that highly selective or sparse coding in GCs allows Purkinje cells to acquire selective responses through associative synaptic plasticity (Albus, 1971; Marr, 1969) . Similarly for cerebellumlike circuits, such as the electrosensory lobe (ELL) of mormyrid fish studied here, GCs that selectively encode specific combinations of sensory and/or motor signals could allow Purkinje-like cells to generate more specific negative images. Though tract tracing and electrophysiological studies have demonstrated that MFs convey a variety of sensory and motor signals (Bell et al., , 1992 , nothing is yet known about how such signals are recoded in GCs or about the significance of GC input representations for the generation of negative images.
The present study focuses on two types of predictive information conveyed by distinct classes of MFs: proprioceptive information about the position of the fish's body and electric organ corollary discharge (EOCD) information about the timing of the motor command to discharge the fish's electric organ. The fish's own movements alter the relative positions of electroreceptors (located on the flexible chin appendage, head, and trunk) and the electric organ (located in the tail), resulting in large changes in electroreceptor firing (Engelmann et al., 2008; Sawtell and Williams, 2008) . Proprioceptive information could be used to predict changes in electrosensory input due to self-generated movements (Sawtell and Williams, 2008) . EOCD inputs could be used to predict temporal features of the electrosensory input, as such input always arrives time locked to the EOD (Bell et al., 1993) . Here I demonstrate that proprioceptive and EOCD signals are integrated in a subset of GCs. Pairing experiments suggest that multimodal integration in GCs allows for the generation of more selective responses in Purkinje-like cells (via mechanisms of anti-Hebbian plasticity) than would be expected if proprioceptive and EOCD signals were conveyed separately.
RESULTS

Distinct Classes of MFs Convey Proprioceptive and EOCD Signals to GCs
Extracellular recordings were obtained from MFs in order to characterize the information they convey and to confirm that proprioceptive and EOCD signals remain separate at the level of MFs (see Experimental Procedures for details regarding identification of MF recordings). Previous anatomical studies have provided evidence for distinct MF pathways conveying proprioceptive and EOCD signals to GCs (Bell et al., , 1983 Maler et al., 1973; Srivastava, 1979; Szabo et al., 1979 Szabo et al., , 1990 ) (see Figure S1 available online). A previous physiological study described two classes of MFs commonly encountered in the eminentia granularis posterior (EGp), the structure where GC bodies are located (Bell et al., 1992) . Proprioceptive units were tonically active and could be modulated by passive body displacements while EOCD units fired action potentials time locked to the EOD motor command. The present results confirm and extend these findings. A total of 134 units were obtained that exhibited tonic firing that was unrelated to the timing of the EOD motor command (Figures 2A-2C ; the timing of occurrence of the EOD motor command is determined from recordings of the spinal electromotoneuron volley or EMN; see Experimental Procedures for a description of the preparation).
In a large majority of these units (123 of 134), baseline firing could be strongly modulated by proprioceptive stimuli, i.e., passive displacements of the tail (n = 81), trunk (n = 33), chin appendage (n = 5), or ipsilateral pectoral fin (n = 4).
Units responsive to tail movements were studied in more detail. Sinusoidal displacements of the tail (±20 degrees around the midline at 0.25 Hz) resulted in smooth modulations of baseline firing, with most units (58 of 81) firing fastest at one extreme of the movement range and slowest at the other ( Figures  2D-2F ). Most units also showed little dependence on movement direction or frequency ( Figure S2A -2C) and responded well to static displacements ( Figure S2D ), suggesting that they primarily encode tail position rather than velocity or acceleration. Less commonly, units were observed that preferred intermediate tail positions (Figure 2D , Figure S2E ) or exhibited more complex relationships between firing rate and tail position ( Figure S2F ).
Tonically firing units that responded to lateral displacements of the chin appendage (±40 degrees around the midline at 0.25 Hz or 0.5 Hz) were also encountered in EGp. Of five units that were responsive to chin movements, three preferred the ipsilateral extreme of the movement range and two the contralateral extreme.
EOCD units were entirely distinct from tonically firing and proprioceptive units. EOCD units were completely silent, save for brief bursts of action potentials locked to the occurrence of each EOD motor command ( Figures 2G and 2H ). The most commonly encountered EOCD units exhibited stereotyped bursts of four to 11 action potentials with burst onsets ranging from À1.5 to 6 ms relative to the EOD motor command (average 1 st spike latency: 0.7 ± 2.5 ms; n = 30). A subset of units with early, stereotyped EOCD bursts also fired one or more additional bursts at longer fixed delays relative to the command ( Figure 2H , inset, n = 5). In contrast to the early EOCD burst in the same units, these later bursts typically occurred on only a fraction of command cycles. The summed distribution of EOD motorcommand-related spikes is shown for 30 units in the histogram in Figure 2I . The timing of these responses strongly suggest that EOCD units described here are MFs originating from the midbrain paratrigeminal command associated nucleus (PCA), a component of the well-characterized electric organ corollary discharge pathway in mormyrid fish (Bell et al., 1995 (Bell et al., , 1983 (Bell et al., , 1992 von der Emde and Bell, 1996) . Movements of the tail (n = 10) or chin appendage (n = 2) had little or no effect on bursts in EOCD units (Figures S2G and S2H) . In summary, GCs receive proprioceptive and EOD motor command timing information from separate populations of MFs. Previous anatomical studies have indicated that different classes of MFs terminate widely within EGp Szabo et al., 1979 Szabo et al., , 1990 , suggesting that EOCD and proprioceptive MFs could converge onto individual GCs.
GCs Integrate EOCD and Proprioceptive Inputs
In vivo whole-cell recordings were performed to test whether individual GCs integrate EOCD and proprioceptive information. GCs exhibited high-input resistance (1.77 ± 0.87 GU, n = 38) and sustained action potential firing in response to small depolarizing current pulses (101.1 ± 59.4 Hz in response to a 150 ms, 30 pA current injection, n = 20; Figures 3A and 3B ) and could 3D ). Golgi cells had lower input resistance than GCs (139.6 ± 43 mU, n = 3, p < 0.002, unpaired t test). MFs fired only a single spike in response to a sustained current injection, lacked spontaneous synaptic activity, and exhibited action potentials with a prominent afterdepolarization ( Figure 3D , arrow). Similar properties have been described for in vivo whole-cell recordings from MF boutons in the rat cerebellum (Rancz et al., 2007) . Patterns of spontaneous synaptic and spiking activity in GCs were similar to those reported for cerebellar GCs in vivo (Chadderton et al., 2004; Jö rntell and Ekerot, 2006) . GCs exhibited prominent excitatory synaptic events, a scarcity of fast inhibitory synaptic events, and very low rates of action potential firing. GCs exhibited resting membrane potentials of À65.9 ± 5.9 mV (n = 46) and a mean spontaneous firing rate in the absence of holding current of 0.77 ± 2.5 spikes/s (n = 46), with 41 of these cells firing no spontaneous spikes.
Patterns of excitatory synaptic responses observed in GCs closely resembled patterns of action potential firing observed in EOCD and proprioceptive MFs. Most GCs (37 of 46) exhibited prominent excitatory synaptic responses time locked to the EOD motor command ( Figures 4A, 4C , and 4D; peak amplitude 6.6 ± 4.3 mV measured at the resting potential, n = 37). These EOCD excitatory postsynaptic potentials (EPSPs) were similar to the early, stereotyped EOCD bursts seen in MFs both in terms of their precise onsets and short delays with respect to the EOD motor command (onset latency 1.1 ± 3.9 ms, peak latency 16.2 ± 11 ms, n = 37). EOCD EPSPs were below threshold for evoking spikes in most cells (29 of 37 cells fired < 0.2 spikes/ command). However, seven GCs were observed that reliably fired bursts of action potentials time locked to the EOD motor command (2.1 ± 0.7 spikes/command at frequencies up to 200 Hz). These cells exhibited typical resting potentials but particularly large EOCD EPSPs (13.7 ± 4 mV).
Extracellular recordings from putative MFs showed that a large majority (123 of 134) of units with tonic activity unrelated to the EOD motor command could be engaged by proprioceptive stimuli. Hence, spontaneous EPSPs in GCs are probably due to inputs from proprioceptive MFs. Consistent with this possibility, movements of the tail (n = 11) or chin appendage (n = 12) resulted in patterns of membrane potential modulation in GCs that resembled patterns of firing rate modulation observed in proprioceptive MFs ( Figure S3 ). For tail movements, these typically consisted of relative membrane potential hyperpolarization at one extreme of the movement range and depolarization at the other ( Figure S3A and S3B). In addition, in several GCs the rate of clearly resolved EPSPs could be strongly modulated by sinusoidal displacement of the tail ( Figure 4D , Figures 5A-5C and 5E; n = 3) or chin appendage ( Figure 5C , right; n = 1). EPSP rate was typically highest at one extreme of the movement and lowest at the other ( Figure 4D , Figures 5A-5C and 5E), again similar to the dependence of spike rate on tail or chin appendage position observed in proprioceptive MFs.
The majority of GCs (27 of 46) exhibited both EOCD EPSPs and spontaneous EPSPs ( Figures 4C and 4D ). Membrane potential modulations due to tail or chin appendage movements were evident in 11 of these cells. Other GCs exhibited EOCD EPSPs without spontaneous EPSPs ( Figure 4A ; 10 of 46) or spontaneous EPSPs without EOCD EPSPs ( Figure 4B ; 7 of 46). Additional integration in GCs is likely, but may not have been observed in our experiments because of failure to engage the appropriate MF inputs (e.g., electrosensory or trunk or fin proprioceptive signals). Suggestive of this possibility, several GCs appeared to receive three distinct excitatory inputs ( Figure 4D ).
How does the integration of EOCD and proprioceptive input shape GC spike output? Most GCs, like the cell shown in Figure 4D and Figures 5A and 5B, fired infrequently, even when cells were excited by both the EOCD and proprioceptive stimuli. Such low rates of GC firing are suggestive of sparse coding, consistent with theoretical proposals (Albus, 1971; Marr, 1969) . Despite these low firing rates, patterns of spike output could be assessed in several cells (n = 3). Movements of the tail or chin appendage toward a preferred position led to Both cells exhibited high input resistance and sustained action potential firing in response to small depolarizing current injections. Though GC recordings were identified primarily on electrophysiological grounds, biocytin-stained PFs in the ELL molecular layer were recovered in roughly half of cases and GC cell bodies in a minority of cases. (C) Response to intracellular current injections for a morphologically identified Golgi cell. Input resistance is lower than for GCs (139.6 ± 43 mU, n = 3, p < 0.002, unpaired t test) and more current is required to evoke spikes. (D) Responses to intracellular current injections for a morphologically identified MF. In contrast to GC and Golgi cell recordings, sustained current injections evoke only a single spike and spikes exhibit a prominent afterdepolarization (arrow).
large increases in EPSP frequency and summation that brought GCs near spike threshold ( Figures 5A-5C ). If the fish issued an EOD motor command when the tail or chin appendage was near the preferred position, EOCD EPSPs were sometimes sufficient to evoke an action potential ( Figure 5C ). Thus spike output in such cells was selective to body position ( Figure 5E , movement phase histograms) and restricted to a narrow window of time relative to the EOD motor command ( Figure 5D , histograms triggered on EOD motor command). Sweeps in the spike rasters in Figure 5D are sorted by the position of the tail (left, middle) or chin appendage (right) and illustrate the joint dependence of GC spiking on body position and time after the EOD motor command. A large majority of the spikes fired by these three cells (9/9, 26/33, and 266/305; 88.7% ± 10.7% on average) were restricted to within 0-25 ms after the EOD motor command and to within one-quarter of the total movement range.
Purkinje-like Cells Acquire Selectivity to Combinations of Signals Encoded by Individual GCs
What is the functional significance of multimodal integration in GCs? Activity patterns in GCs act as the ''raw material'' out of which negative images are generated in Purkinje-like cells (also known as medium ganglion or MG cells) via anti-Hebbian plasticity. Multimodal integration could give rise to selective GC output, which in turn could provide a basis for generating highly specific negative images. For example, the integration of EOCD and proprioceptive signals in individual GCs (referred to below as multimodal GCs) could provide plastic raw material for generating MG cell responses selective both to body position and timing relative to the EOD motor command. To test this hypothesis, I conducted pairing experiments in which the occurrence of dendritic spikes in MG cells (the key associative signal that triggers synaptic depression) depended jointly on timing relative to the EOD motor command and tail or chin appendage position. Previous studies have shown that anti-Hebbian plasticity at PF-MG cell synapses depends on the timing of the PF-evoked EPSP relative to a postsynaptic dendritic spike, known as a broad spike ( Figure 6A , arrow). PF EPSPs that precede the occurrence of a broad spike by less than $40 ms are depressed (Bell et al., 1997c; Han et al., 2000) . Under natural conditions this anti-Hebbian spike-timing-dependent plasticity (STDP) serves to minimize the effects of predictable electrosensory stimuli by weakening PF inputs that reliably precede stimuli that evoke 
. Synaptic Responses in GCs Provide Evidence for Multimodal Integration
(A) Overlay of ten consecutive traces from a GC exhibiting a prominent EOCD EPSP that sometimes evoked a time-locked action potential. No holding current was used. EOCD EPSPs were often characterized by six to 11 distinct peaks atop the depolarization, probably reflecting the spike bursts seen in EOCD MFs. Also note the lack of synaptic activity unrelated to the EOD motor command. The cell shown in (A) was one of a minority of cells (7 of 46) with exceptionally large EOCD EPSPs that reliably fired action potentials time locked to the EOD motor command.
Inset shows an overlay of ten consecutive traces from another GC on a compressed time scale. This was one of several GCs that exhibited an early time-locked EOCD EPSP in addition to similarly sized, but less reliable late EPSPs at longer fixed delays relative to the command, similar to response patterns observed in some EOCD MFs.
Compare to the inset in Figure 2H .
(B) A single trace from a second GC illustrating high-frequency spontaneous EPSPs unrelated to the EOD motor command. Inset, a membrane potential average showing no response to the EOD motor command. (C) A single trace from a third GC illustrating a prominent EOCD EPSP (2) as well as smaller spontaneous EPSPs unrelated to the EOD motor command (1). Inset left, an overlay of ten consecutive spontaneous EPSPs aligned to response onset. Inset right, an overlay of ten consecutive EOCD EPSPs triggered on the EOD motor command. Note the ripples atop the EPSP, suggestive of the precise spike bursts in EOCD MFs. (D) Top, a single trace from a fourth GC taken with the tail straight, illustrating prominent spontaneous EPSPs (1), an apparent second smaller EPSP occurring at a much lower frequency (3), and an EOCD EPSP (2). Middle, a second trace taken from the same GC but with the tail at a contralateral position. The rate of occurrence of the large spontaneous EPSP (1) is greatly reduced, clearly revealing the smaller spontaneous input and the EOCD EPSP. Bottom, a third trace taken from the same GC but with the tail at an ipsilateral position. The rate of occurrence of the larger spontaneous EPSP is greatly increased, largely obscuring the other two inputs. Interestingly, this GC failed to spike even when EOCD inputs were active at the same time as the frequency of proprioceptive input was strongly elevated by movement of the tail to the ''preferred'' position (bottom trace), suggesting that engagement of three distinct inputs might be a necessary condition for the cell to spike. a broad spike. Pairing PF inputs with broad spikes evoked by intracellular current injections (rather than an electrosensory stimulus) is advantageous because associative signals that drive plasticity, i.e., broad spikes, are restricted to the recorded cell. Thus changes in MG cell responses after pairing probably reflect plasticity of PF inputs to the recorded cell. Pairing experiments were designed to test whether MG cells could acquire selectivity to both body position and timing relative to the EOD motor command. As will be discussed, such selectivity can be accounted for based on anti-Hebbian plasticity at PF synapses conveying combinations of EOCD and proprioceptive signals but would not be expected if proprioceptive and EOCD signals were conveyed separately. EOCD-evoked synaptic responses were analyzed as a function of tail position before and after pairing with broad spikes. During pairing the occurrence of broad spikes was made to depend jointly on body position and timing relative to the EOD motor command. The timing of intracellular current injection relative to the EOD motor command and hence the delay of the evoked broad spike was smoothly varied (10-150 ms) as a function of the position of the tail or chin appendage (Figure 6B , arrows; Figure 6C , pairing), with the shortest and longest broad spike delay always occurring at the extremes of the movement range. In some cells the shortest delays were assigned to ipsilateral positions and in others to contralateral positions. Figure 6B shows the expected timing relations between multimodal GC firing and broad spikes during pairing. Firing in individual multimodal GCs will be restricted to short delays relative to the EOD motor command and to particular body positions (red regions in Figure 6B ). Given the known timing dependence of associative depression at PF-MG cell synapses, it can be seen that multimodal PFs tuned to the body position at which broad spikes are paired at shorter delays ( Figure 6B, PF2) , i.e., within the $40 ms time window for associative depression, will be depressed relative to those tuned to the position at which broad spikes are paired at longer delays ( Figure 6B, PF1) , i.e., outside the time window for associative depression. Such depression should manifest as a temporally specific decrease in MG cell response at the position at which broad spikes were paired at shorter delays. and time relative to the motor command (plotted on the x axis). Arrows indicate the timing of broad spikes relative to GC spiking. In the example shown, broad spikes were delivered at the shortest latencies at the contralateral extreme of the movement and at longest latencies at the ipsilateral extreme. After pairing, PF2 will be depressed relative to PF1 because spiking in GC2 preceded broad spikes within the time window for associative depression while those in GC1 fell outside this window. (C) Traces from a representative MG cell showing average EOCD-evoked synaptic responses as a function of tail position (schematic left) immediately before (pre) and after (post) pairing. Each trace corresponds to 1/5 of the entire movement range with extreme contralateral and ipsilateral positions shown in the top and bottom rows, respectively. Averages were constructed from 60-100 s of data. Narrow spikes were digitally removed and membrane potentials interpolated before averaging. Gray outlines indicate standard error of the mean (SEM). The middle column (pairing) shows five overlaid traces taken during the pairing period. For this cell, current injections evoking broad spikes were delivered at the longest delay when the tail was at the contralateral extreme and at the shortest delay when the tail was at the ipsilateral extreme of the movement range. The frequency of spontaneous broad spikes during pairing was extremely low (zero in most cells). Red inset traces illustrate the effects of pairing as a function of body position, as reflected in the difference in average EOCDevoked responses before and after pairing. Downward deflections indicate pairing-induced depression. Note that the largest depression occurred at the range of tail positions at which broad spikes were paired at the shortest delay. (D) Average of difference traces showing the effects of pairing (after pairing minus before pairing) as a function of body position for all cells tested (n = 9). Top and bottom traces show the pairing effects at body positions at which broad spikes were paired at the longest and shortest delays, respectively. Pink outlines indicate SEM. (E) Average of difference traces showing the lack of effect of body position before pairing (n = 9). The difference here is taken between EOCD-evoked synaptic responses recorded at opposite extreme fifths of the movement range at which broad spikes were subsequently paired at the shortest and longest delays. (F) Average of difference traces showing a clear effect of body position after pairing (n = 9). The downward deflection indicates that EOCD-evoked synaptic responses were smallest at the range of tail positions at which broad spikes were paired at a short delay.
The dependence of EOCD-evoked synaptic responses on position was weak and variable across cells before pairing (average difference in peak amplitude for extreme one-fifths of the movement range: 0.79 ± 0.52 mV, significant in 5 of 9 cells, p < 0.05, paired t test). These small initial differences were not related in any systematic way to changes observed as a result of pairing. Red traces in Figures 6E and 6F are averages for all nine cells tested and illustrate that EOCD-evoked synaptic responses were similar at opposite extremes of the movement range before pairing ( Figure 6E ) and clearly different after pairing ( Figure 6F ). All nine cells exhibited a depression of the EOCD response after pairing that was greatest at the position corresponding to the shortest broad spike delay ( Figures 6C and  6D , red traces). Red traces in Figure 6D show the average pairing-induced change in the EOCD response as a function of body position (magnitude of difference traces at long versus short delays, n = 9, p < 0.0002, paired t test). Average traces in Figures  6D and 6F reveal pairing-induced changes specific to both body position and timing relative to the EOD motor command, indicating that MG cells can acquire selectivity to both body position and EOD motor command timing via mechanisms of anti-Hebbian plasticity. Pairing-induced changes in MG cell responses diminished gradually over a time scale of several minutes, with temporally and position-specific depression still evident 4-5 min after pairing ( Figures S4A and S4B ). Though associative depression at PF-MG cell synapses has been shown to persist for greater than 30 min in vitro (Han et al., 2000) , negative images decline much more rapidly in vivo. This decline probably reflects ongoing plasticity rather than a passive decay. In vitro studies have shown that continued engagement of presynaptic PF inputs unpaired with postsynaptic broad spikes leads to a nonassociative potentiation of PF synaptic strength (Han et al., 2000) . Consistent with this, it has been shown that silencing PF inputs in vivo allows negative images to persist for at least 30 min (Bell, 1986) .
DISCUSSION
A sparse recoding of MF inputs in GCs is a critical aspect of the influential Marr-Albus theory of cerebellar function (Albus, 1971; Marr, 1969) but has received little experimental support. According to Marr-Albus, only a small fraction of GCs are active in response to a given pattern of MF input, similar to notions of ''population sparseness'' defined in the context of neural encoding in the visual system (Willmore and Tolhurst, 2001) . Such a sparse recoding could arise if MFs with diverse response properties converged onto individual GCs and were required to be active together to cause GCs to fire. Multimodal integration in GCs is a likely prerequisite to sparse coding and can be tested directly by single-neuron recordings. In vivo whole-cell recordings from GCs in the cerebellum of the decerebrate cat have revealed an apparent lack of multimodal integration, i.e., individual GCs receive input from the same subtype of somatosensory MFs (Bengtsson and Jö rntell, 2009; Jö rntell and Ekerot, 2006) . In contrast, recordings from the cerebellum of anesthetized rodents have provided indirect evidence for multimodal integration, though different classes of MFs were not systematically engaged in this study (Arenz et al., 2008) . Hence, it remains unknown whether multimodal integration occurs in GCs in the mammalian cerebellum. The present study provides a clear demonstration of multimodal integration in GCs associated with cerebellum-like circuits in mormyrid fish.
The many similarities as well as important differences between cerebellum-like circuits and the cerebellum have been described at length elsewhere (Bell, 2002; Bell et al., 2008; Oertel and Young, 2004) . Most important for the present study are the striking similarities between MF-GC-PF systems that provide input to both cerebellum-like circuits and the cerebellum (Campbell et al., 2007) . As in the mammalian cerebellum, EGp GCs studied here are small and extremely numerous, possess just a few short dendrites with claw-like endings ( Figure 1C) , and probably receive excitatory input from just a few MFs. EGP GCs also receive input from GABAergic Golgi cells and calretinin-positive cells that resemble the unipolar brush cells found in some parts of the mammalian cerebellum (Mugnaini et al., 1997) . Besides the relative locations of the various cell types, the main difference between the MF-GC-PF circuit studied here and that found in mammals is the apparent lack of Golgi cell dendritic branches in the molecular layer (Campbell et al., 2007) . Hence, while in mammals Golgi cells receive both feedforward excitation via MFs and feedback excitation via PFs (Eccles et al., 1967) , in mormyrid fish they may only receive feedforward MF input. Finally, some EGp GCs provide parallel fiber input to a region of the mormyrid cerebellum proper just overlying ELL (Campbell et al., 2007) . Purkinje cells in this structure receive PF input as well as climbing fiber input from the inferior olive. Though most of the GCs recorded here probably project to ELL (based on their location within EGp), there is no apparent distinction in mormyrid fish between ''cerebellar'' GCs and GCs associated with ELL in terms of GC morphology, interneuron circuitry, or patterns of MF inputs.
Multimodal integration observed here could contribute to selective GC output and sparse coding. Given the temporal specificity of EOCD EPSPs and the body position selectivity of proprioceptive EPSPs, GCs receiving both classes of inputs would be expected to exhibit temporally and position-specific responses. Indeed, summation of EOCD and proprioceptive inputs led to depolarization and action potential firing in multimodal GCs that was restricted to certain body positions and to a narrow time range after the EOD motor command. In contrast, proprioceptive MFs fired irrespective of the EOD motor command while EOCD MFs fired irrespective of body position. Hence, by virtue of integration, GC output is more selective than its MF inputs. The apparent lack of multimodal integration observed in some GCs could be genuine or might simply reflect a failure to engage the appropriate MF inputs. The present results do not imply that multimodal integration is an absolute requirement to fire GCs. Indeed, a subset of GCs with especially large EOCD EPSPs fired reliably in response to the EOD motor command. This observation is consistent with findings in the rat cerebellum that high-frequency activation of a single MF input is sufficient to evoke GC firing (Rancz et al., 2007) . Hence, the degree of sparse coding in the GCs studied here remains an open question. A direct test of the sparse coding hypothesis would require the monitoring of activity patterns across the population of GCs. Notably, in vivo functional imaging from GCs is feasible in mormyrid fish, as GCs are located external to the molecular layer near the brain surface ( Figure 1B ). In light of previous studies reporting that GCs integrate modality-specific MF inputs (Bengtsson and Jö rntell, 2009; Jö rntell and Ekerot, 2006) , the present demonstration of multimodal integration in GCs in mormyrid fish underscores the need for further characterization of GC encoding schemes in different species, in different regions of the cerebellum, and in other cerebellum-like circuits. Systematic engagement of as many MF inputs as possible will be a critical component of such efforts.
In addition to demonstrating multimodal integration in a subset of GCs, the present study suggests a systems-level function for such integration. Multimodal responses in GCs provide a basis for generating response selectivity in downstream Purkinje-like cells via mechanisms of associative plasticity. Consistent with this notion, pairing experiments revealed changes in MG cell responses that were specific to both body position and timing relative to the EOD motor command. Such changes can readily be accounted for by anti-Hebbian plasticity at PF synapses conveying both proprioceptive and EOCD signals (multimodal PFs). Given the known timing dependence of associative depression at PF-MG cell synapses, multimodal PFs tuned to the body position at which broad spikes were paired at shorter delays (within the time window for associative depression) should be depressed relative to those tuned to the position at which broad spikes were paired at longer delays (outside the time window for associative depression). A change in the relative strengths of multimodal PFs tuned to opposite tail or chin positions would manifest as a temporally specific decrease in MG cell responses at the position at which broad spikes were paired at shorter delays, consistent with the observed results.
Critically, the observed changes in MG cell responses cannot be easily accounted for by the combined effects of plastic changes occurring at separate sets of PFs conveying proprioceptive and EOCD signals alone ( Figure S4C ). Relative changes in the strengths of differently tuned PFs conveying proprioceptive signals without EOCD signals (proprioceptive PFs) were unlikely to occur given the pairing protocol. Since broad spike probability was the same across body positions, the timing relations between presynaptic spikes and postsynaptic broad spikes (and hence the resulting changes in PF synaptic strength) are expected to be identical for all proprioceptive PFs regardless of their tuning. Even if such changes did occur, they would manifest as changes in MG cell responses different from those that were observed, i.e., as a position-specific shift independent of the timing of the EOD motor command. Likewise, depression of PFs conveying EOCD information without proprioceptive signals (EOCD PFs) cannot account for the position-specific changes that were observed. A depression of EOCD PFs could, however, explain the small, temporally specific reduction in MG cell responses that was often observed across all body positions after pairing ( Figure 6D ). The absence of temporally specific potentiation at body positions at which broad spikes were paired at long delays can also be explained by an overall depression of EOCD PFs that masked concurrent potentiation of multimodal PFs ( Figure S4C ).
In short, PF inputs that represent either body position or motor command timing (proprioceptive and EOCD PFs; Figure S4C , bottom) will lead to plastic changes at a specific position but at all times or at a specific time but at all positions. Clearly, a simple addition of such changes will not lead to plastic changes restricted to both position and time. Restricting plastic changes to certain positions and times requires PF inputs with activity confined to certain positions and time with respect to the EOD motor command (multimodal PFs, Figure S4C, top) . Hence, the critical step is a nonlinearity in the response to position and timing signals such that only the conjunction of the two evokes a response. As shown here, precisely such an operation occurs in individual GCs that fire only at restricted body positions and times relative to the EOD motor command.
In the Marr-Albus theories, GC sparse coding enhances the capacity of Purkinje cells to learn (via PF synaptic plasticity) to respond selectively to patterns of MF input associated with climbing fiber activation. In line with these ideas, the present study provides evidence that GC integration enhances the capacity of Purkinje-like cells to acquire selective responses through associative synaptic plasticity. From the standpoint of adaptive electrosensory processing, GC integration may provide a basis for generating associations that could be used to predict and cancel patterns of electrosensory input associated with specific sensorimotor contexts. More specifically, the integration of proprioceptive and EOCD signals could aid cancellation by bringing information about body position into temporal register with incoming electrosensory signals. Most electrosensory processing is likely to occur within 20-50 ms after the EOD motor command. Moreover information about electrical images is encoded, at least in part, by the latency of spikes relative to the EOD motor command (Sawtell and Williams, 2008; Szabo and Hagiwara, 1967) . Hence, the timing of cancellation signals may be critical. The timing conferred by EOCD signals may also be important for appropriately engaging PF plasticity mechanisms that depend on the relative timing of pre-and postsynaptic spikes (Bell et al., 1997c) .
Both the degree to which EGp GC encoding is sparse and the utility of a sparse code for cancelling predictable inputs are questions for future studies. Sparse coding might allow for the generation of predictions appropriate to cancel electrosensory input associated with quite specific events (e.g., a particular configuration of the body involving tail, trunk, and chin appendage at the time of the EOD motor command). On the other hand, more broadly tuned GC responses might allow predictions to generalize across similar contexts. Results presented here, along with the feasibility of in vivo functional imaging of GCs in mormyrid fish, suggest that it should be possible to establish direct links between GC input representations, synaptic plasticity, and the properties of negative images. Such links would provide insight into the functions of GC-PF systems as well as the mechanisms for predicting sensory events.
EXPERIMENTAL PROCEDURES Experimental Preparation
All experiments performed in this study adhere to the American Physiological Society's Guiding Principles in the Care and Use of Animals. Mormyrid fish (7-12 cm in length) of the species Gnathonemus petersii were used in these experiments. Fish were anesthetized (MS:222, 1:25,000) and held against a foam pad. Skin on the dorsal surface of the head was removed and a long-lasting local anesthetic (0.75% Bupivacaine) was applied to the wound margins. A plastic rod was cemented to the anterior portion of the skull to hold the head rigid. The posterior portion of the skull was removed, and the underlying valvula cerebelli was reflected laterally to expose the molecular layer of the caudal lobe of the cerebellum and the eminentia granularis posterior (EGp). Gallamine triethiodide (Flaxedil) was given at the end of the surgery ($20 mg/cm of body length) and the anesthetic was removed. Aerated water was passed over the fish's gills for respiration. Paralysis blocks the effect of electromotoneurons on the electric organ, preventing the EOD, but the motor command signal that would normally elicit an EOD continues to be generated by the fish at a variable rate of 2 to 5 Hz. The timing of the EOD motor command can be measured precisely (see below), and the central effects of EOCD inputs can be observed in isolation from the electrosensory input that would normally result from the EOD.
Electrophysiology
The EOD motor command signal (referred to in the figures as the EMN) was recorded with an Ag-AgCl hook placed over the electric organ. The command signal is the synchronized volley of electromotoneurons that would normally elicit an EOD in the absence of neuromuscular blockade. The command signal lasts about 3 ms and consists of a small negative wave followed by three larger biphasic waves. The latencies of EOCD-or command-evoked responses were measured with respect to the negative peak of the first large biphasic wave in the command signal. In the absence of neuromuscular blockade, the latency of the EOD is $4.5 ms. Extracellular recordings from MFs in EGp were made with glass microelectrodes filled with 2M NaCl (40-100 MU). Intracellular recordings from MFs were obtained with higher-resistance microelectrodes (120-160 MU) filled with 2M potassium methyl sulfate and 2% biocytin. In vivo whole-cell recordings from EGp cells and from MG cells in ELL were made via methods similar to those described previously (Margrie et al., 2002; Rose and Fortune, 1996) . Electrodes (9-12 mU) were filled with an internal solution containing K-gluconate (122 mM), KCl (7 mM), HEPES (10 mM), Na 2 ATP (0.5 mM), MgATP (2 mM), EGTA (0.5 mM), and 0.5% biocytin (pH 7.2, 280-290 mOsm). No correction was made for liquid junction potentials. Only cells with stable membrane potentials more hyperpolarized than À50 mV and access resistance < 100 MU were analyzed. All experiments were performed without holding current, unless otherwise noted. Membrane potentials were filtered at 3-10 kHz and digitized at 20 kHz (CED power1401 hardware and Spike2 software; Cambridge Electronics Design, Cambridge, UK).
Passive Movements
Two linear stages driven by servomotors (Pacific Laser Equipment, Santa Ana, CA) were used to move the tail and chin appendage. The fish's tail was held lightly between two glass rods positioned posterior to the electric organ. The rods were held by a manipulator mounted on one of the stages. A second pair of rods anterior to the base of the tail prevented the trunk of the fish from moving. The tip of the chin appendage was held by a small piece of tubing and coupled to a manipulator mounted on the second stage. Movement of the stages were driven by analog signals generated by a CED power1401 (Cambridge Electronics Design, Cambridge UK) connected to a computer running Spike2 software (Cambridge Electronics Design, Cambridge UK). Similar movements were used for experiments involving MFs, GCs, and MG cells. Tail movements consisted of displacements of the tail through an arc of ±20 degrees around the midline at 0.25 Hz. Some proprioceptive MFs were additionally tested with faster movement speeds (0.5 Hz). Though the chin appendage is highly mobile, controlled movements in our experiments were restricted to lateral displacements of ±40 degrees around the midline at 0.25 or 0.5 Hz. Sinusoidal movements were used to test MFs and GCs. Sinusoidal as well as sawtooth movement waveforms were used in MG cell pairing experiments. Manual displacements were used to identify proprioceptive MFs responsive to trunk or pectoral fin position.
Identification of Mossy Fibers
Several lines of evidence suggest that proprioceptive units recorded extracellualrly in EGp correspond to MF axons rather than to Golgi or GCs.
(1) A previous study showed that intracellular recordings from proprioceptive and EOCD units in EGp similar in their properties to those described here are characterized by an absence of synaptic activity and spikes rising directly from the baseline (Bell et al., 1992) , suggesting that these recordings are from fibers rather than cell bodies. (2) In the present study, several proprioceptive and EOCD units were recorded intracellularly and filled with biocytin (proprioceptive n = 3; EOCD n = 2). In each case, labeled MFs were seen in EGp. (3) Properties of proprioceptive and EOCD units recorded in EGp reported here and previously (Bell et al., 1992) are similar to those recorded from known MF sites of origin in the lateral spinal tract (see below) and the paratrigeminal command-associated nucleus (von der Emde and Bell, 1996) . Before entering EGp, MFs originating from neurons in the spinal cord cross the midline in a large, superficial fiber tract (the lateral spinal tract) at the anterior margin of the caudal lobe of the cerebellum Szabo et al., 1979) . Single units with responses to tail and trunk movements similar to those described in Results were encountered frequently at this location (n = 32), suggesting that many of the proprioceptive units recorded in EGp were MFs originating from neurons in the spinal cord. (4) Proprioceptive and EOCD units never exhibited responses to both EOCD and proprioceptive inputs, whereas such multimodal responses were observed in the majority of GCs (27 of 46) and Golgi cells (3 of 3) recorded in the present study.
Broad Spike Pairing Experiments
Effects of pairing on EOCD-evoked synaptic responses and narrow spike firing were evaluated from 60-100 s (responses to 100-300 EOD motor commands) of data taken immediately before and after the pairing period. For analysis of EOCD-evoked synaptic responses, narrow spikes were digitally removed and membrane potentials linearly interpolated. As has been observed previously both in vitro (Grant et al., 1998) and in vivo (Bell et al., 1997b) , narrow spikes were small (<20 mV) and lacked prominent afterhyperpolarizations. Hence, their digital removal had minimal effect on the underlying EOCD-evoked synaptic responses. A previous study examined plasticity of EOCD-evoked synaptic responses by using both offline digital removal of narrow spikes and ''online'' injection of hyperpolarizing current to eliminate spiking in the same cells (Sawtell et al., 2007) . Measured changes in EOCDevoked responses were similar in both cases. The small amplitude of the narrow spikes (typically < 20 mV) is a consistent finding in vitro and in vivo when both sharp microelectrodes and whole-cell recording methods are used. Amplitudes of simple spikes in Purkinje cells in the mormyrid cerebellum are similarly small. A voltage-clamp study comparing properties of action potential firing in mormyrid versus rat Purkinje cells showed that the small amplitude of simple spikes is not related to smaller amplitude voltage-gated sodium currents (de Ruiter et al., 2006) . More likely, the thin unmyelinated axons of mormyrid Purkinje and Purkinje-like cells reduce axonal spike propagation from the axonal site of spike initiation to the soma (Han and Bell, 2003) . Broad spikes were induced by brief (12-15 ms) intracellular current injections (100-600 pA). The duration of the pairing period ranged from 5 to 15 min. Baseline rates of broad spike firing were extremely low such that during pairing, few if any spontaneous broad spikes occurred. Cells in which resting membrane potential, access resistance, or spike height changed substantially over the course of the experiment were excluded from the analysis. Consistent with previous results, plastic changes decayed gradually over the course of 5-10 min after the end pairing. This decay has been shown to be due, at least in part, to an active reversal of associative depression that requires the engagement of presynaptic PF inputs (Bell, 1986; Han et al., 2000) . Multiple pairing experiments were conducted in some cells after allowing effects of the previous pairing to decay. Several lines of evidence suggest that depression of synaptic responses seen after broad spike pairing is not due to nonspecific effects. Previous in vivo experiments have shown potentiation of EOCD responses after pairing with broad spikes at very short delays (<5 ms) relative to the EOD motor command (Sawtell et al., 2007) . The same cells show depression when broad spikes are paired at later delays. Preliminary data for broad spike pairing experiments were obtained from sharp microelectrode recordings. Results were qualitatively similar to those obtained from whole-cell recordings, minimizing concerns that plasticity in MG cells was affected by dialysis of cell constituents with the internal solution.
Histology
After recording, fish were deeply anesthetized with a concentrated solution of MS:222 (1:10,000) and perfused through the heart with a teleost Ringer solution followed by a fixative, consisting of 2% paraformaldehyde and 2% glutaraldehyde in 0.1M phosphate buffer. The brains were postfixed, cryoprotected with 20% sucrose, and sectioned at 60 mM on a cryostat. Sections were reacted with avidin-biotin complex and diamino-benzidine to reveal the biocytin-filled cells.
Data Analysis and Statistics
Data were analyzed offline with Spike2 and Matlab (MathWorks, Natick, MA). Data are expressed as means ± standard deviation (SD), unless otherwise noted. Paired and unpaired Student's t tests were used to test for statistical significance, as noted. Differences were judged to be significant at p < 0.05.
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